We theoretically predict and experimentally demonstrate chaotic behaviors in a system comprising of three-level atoms inside an optical ring cavity. This electromagnetically induced transparency (EIT) system is driven to chaos through period-doubling route by reducing the frequency detuning of the coupling laser beam. The chaos occurs in a different parametric regime as previously predicted and is believed to be caused by the enhanced dispersion and nonlinearity due to induced atomic coherence in such EIT system. DOI: 10.1103/PhysRevLett.95.093902 PACS numbers: 42.65.Sf, 42.50.Gy Dynamic behaviors, such as instability and chaos, in atomic optical bistability (AOB) systems were studied extensively more than 20 years ago [1] . Although dynamic instability and chaos were both theoretically predicted to exist in two-level AOB systems [2] , and despite that dynamic instability was experimentally observed in many two-level atomic and molecular systems [1, 3] , the predicted chaotic behaviors and routes to chaos have not really been observed in AOB systems, except in a degenerate atomic system with strong radiation trapping [4] . One of the reasons for not observing such predicted period doubling to chaos in AOB systems was attributed to washing out of such behavior by the longitudinal and radial variations of electric field in the cavity [5] . On the other hand, chaotic behaviors were experimentally investigated and well studied in various laser systems [1, 6] and in a hybrid optical bistable system [7] many years ago. In recent years, chaotic behaviors were shown to be controllable by employing various feedback mechanisms [8] .
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Chaos is one of the most fascinating phenomena in nature and therefore, understanding it not only has fundamental interests, but also will have great impact for applications, such as encryption in communications [9] and maintaining normal cardiac function [10] . In this Letter, we present our experimental and theoretical investigations of this ''old problem,'' i.e., chaos in an AOB system. By using three-level atoms with electromagnetically induced transparency (EIT) inside an optical ring cavity [11] , we show that chaos can be reached via period-doubling route in certain parametric regime. By controlling one experimental parameter, such as frequency detuning of the coupling laser in the EIT, the cavity output field can be driven from self-pulsing to period doubling, and then to chaos. We believe that the enhanced linear and nonlinear dispersions around EIT resonance in such a three-level atomic system [12] are the key reasons for such observed chaotic behavior, as for the case predicted in a three-level optically pumped laser system [13] . Such mechanism of generating chaos is absent in two-level AOB systems. A theoretical model with coupled density-matrix equations for a threelevel EIT system, together with field equation [14] , can be used to study such chaotic behavior and the simulated results match quite well with the experimentally observed phenomenon of route to chaos through period doubling. This model is beyond the usual Lorentz model used to study chaos in two-level atomic systems and lasers, but is still under single-mode mean-field approximation. The ability of manipulating chaotic behavior with an additional coupling field is very important in understanding the route to chaos and eventually in controlling such chaotic behavior in this system.
We consider a system with N three-level -type atoms inside an optical ring cavity as shown in the bubble of Fig. 1 . A coupling laser of frequency ! c near the ! 23 resonance couples levels j2i and j3i, while a probe beam with frequency ! p near the ! 21 resonance couples levels j2i and j1i. The equations of motion controlling the density-matrix elements and the cavity field under rotating-wave approximation are [14] ) is the dipole matrix element between levels j2i and j1i (levels j2i and j3i), S p (S c ) is the area of the transverse section of the probe (coupling) light beam, and n is the refractive index. p 1 i 2 is the complex probe field strength (jj 2 is the average photon flow, expressed in unit of number of photons per second) and c is the coupling field strength. The last two equations govern the evolution of the circulating intracavity probe field p . The change of the intracavity probe field p on a round-trip time duration is caused by the driving field in p entering through the mirror M 2 with a transmission coefficient t 2 , by the cavity decay cav [due to the losses of the intracavity medium (small for EIT system) and the finite transmissions of the mirrors, and is defined as cav t 2 2 =2 [15] ], and by the round-trip (linear and nonlinear) phase shift cav , which is determined by the atomic variable equations in (1) [14] . In these two field equations, is the cavity frequency detuning. e and f are two quantities depending on parameters c , p , and P c . Equations (1) can be solved numerically to obtain dynamical behavior of the cavity field. Figure 2 shows Fig. 2(a) , the coupling frequency detuning is 60 MHz and the cavity output shows a periodic oscillation. When c decreases to about 20 MHz [ Fig. 2(b) ], the regular oscillation splits into an alternating series; i.e., the oscillation period becomes twice that of the previous one and a period-doubling bifurcation has occurred. As c is further decreased to 10 MHz [ Fig. 2(c) ], the oscillation splits again and the period becomes 4 times that of the original one. When c decreases to be less than 7 MHz, no regular periods can be identified in the cavity output field and the field oscillates chaotically, as shown in Fig. 2(d) . Thus, we can clearly see route to chaos through period doubling when c decreases from 60 MHz to around 7 MHz.
Our experimental setup is shown in Fig. 1 . The optical ring cavity has three mirrors, two of which have about 1% and 3% transmissivities, respectively, while the third one is assumed to be an ideal reflector and is mounted on a piezoelectric transducer (PZT) for cavity length scanning. The rubidium vapor cell is wrapped in metal for magnetic shielding and by heat tape for controlling the atomic density. The probe laser beam circulates inside the cavity as the cavity field while the coupling beam is misaligned from the cavity axis slightly (about 2 angle) so it will not circulate in the cavity. Both the probe and coupling lasers are extended cavity diode lasers and are frequency locked [16] . By propagating the coupling and the probe (cavity) laser beams colinearly through the vapor cell containing the three-level -type rubidium atoms, the first-order Doppler effect is eliminated [11, 12] . In the experiment, several parameters can be used to control the dynamical behaviors of the three-level Rb atoms, including intensities and frequency detunings of the coupling beam and the cavity input laser beam, Rb cell temperature, and the cavity frequency detuning . We first adjust these experimental parameters until the cavity output profile shows self-pulsing oscillation with scanning cavity; we then fix all other parameters except one (in this case, c ). Now, we turn off the cavity scanning and lock the optical ring cavity. Finally, we gradually decrease c and measure the cavity output profile. Figure 3 shows four experimental cavity transmission profiles for four different coupling frequency detunings. Other parameters used in the experiment are P c 19:7 mW, P p 16:6 mW (measured just before it enters the cavity), p 0, 0, and T 85 C. All these parameters are fixed during the measurements. When c is large (>100 MHz), the system stays at the steady states in the upper branch of the bistable curve, so the cavity output is stable. When c is decreased to around 60 MHz, the cavity output begins to oscillate and the system begins to enter the instability region. As c decreases further, the oscillation pattern keeps the same but the oscillation period and oscillation amplitude change continuously [14] . However, as c reaches 20 MHz, another set of peaks appears between the original peaks [ Fig. 3(b) ] and the oscillation period is doubled. As c is reduced still further to 10 MHz, the oscillation period becomes quadrupled, as shown in Fig. 3(c) , and finally, the observed oscillation behaves chaotically as c is set to be below 7 MHz [ Fig. 3(d) ], where the linear dispersion and Kerr nonlinearity are optimized [12] . These experimentally measured results agree very well with the theoretical results shown in Fig. 2 . Figure 4 gives the corresponding power spectra of the four cavity outputs in Fig. 3 . One can see that the spectrum changes from sharp spikes (typical for a periodic system) to a broadband with random components (typical for a chaotic system) as c decreases. Thus, the route of ''period doubling to chaos'' is clearly established in our experimental measurements and the spectral analysis of the observed data confirms such conclusion.
To further confirm that the observed data is indeed chaotic, we calculated the largest Lyapunov exponent (LE) as a function of coupling frequency detuning c [17] , as shown in Fig. 5 . The solid line is calculated theoretically from the differential Eqs. (1) . When c is large, the system is stable and the calculated LE is negative. As c reaches 60 MHz, the calculated LE becomes positive but stays very close to zero, indicating that the system is now in the instability region and the cavity output shows regular oscillation. (Under regular oscillation, LE should be zero. However, since there are errors in computation, a small residual positive number remains.) As c decreases to below 20 MHz, the LE increases quickly and reaches a high value of about 0.5 below c 7 MHz. A large positive LE means that the system now behaves chaotically. We also numerically computed several LEs from time series recorded in the experiment. The results are shown as solid triangles in Fig. 5 , which show good agreement with the theoretically calculated results without any adjustable parameters. 
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We also performed experimental measurements on other tunable parameters and found that the system could also be driven to chaos through period doubling by tuning probe frequency detuning or cavity detuning. However, the period-doubling phenomenon was not observed when changing the probe and coupling laser powers. Also, in order to observe period-doubling route to chaos by changing frequency detunings, the output powers of the two lasers need to be high and the Rb cell needs to operate at a high temperature (>80 C). The important question is why such chaos through period doubling can be observed in the current system with three-level atoms inside an optical ring cavity, but not in a two-level AOB system. We want to point out that chaos was predicted to exist only on the upper branch of the bistable curve with large cooperativity parameter C in the two-level atomic systems previously [1, 2, 4, 5] . However, in the three-level AOB system studied here, the chaos was predicted and observed at the states where the optical bistability hysteresis disappears with small coupling field detuning. We believe that this chaotic behavior is caused by the enhanced linear and nonlinear dispersions, as well as the enhanced nonlinearity, in the three-level EIT system near resonance [12] , which can destabilize the otherwise steady-state field in the cavity. In this three-level EIT system, the linear dispersion and Kerr nonlinearity are both enhanced significantly at near EIT resonance, which have given rise to many interesting phenomena, such as slowed speed of light, enhanced nonlinear optical processes, etc. Here, we have shown yet another interesting phenomenon, i.e., period doubling to chaos in this atomic EIT system, which has eluded researchers from laboratory observation of chaos in atomic systems for all these years.
In conclusion, we have theoretically predicted and experimentally observed chaos and route to chaos through period doubling in a system with three-level atoms inside an optical ring cavity. This chaotic behavior occurs at a very different parametric region as previously predicted. The good matching between the theoretical prediction and experimental observation is very important since it will help us to understand the roles played by the greatly enhanced dispersion and nonlinearity in this EIT system for generating chaos. Such study will lead to new knowledge in different mechanisms of creating chaos and eventually to find better ways to control such chaotic behaviors.
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